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Abstract 

The OPAL experiment at LEP has performed a variety of measurements of 77 
and e7 scattering at the e + e~ collider LEP to gain a deeper insight into the 
>• \ structure of the photon and its interactions. This review presents a summary 

£f) ' of these results. 

O 

1 Introduction 

The photon plays the fundamental role as the gauge boson of mediating electromag- 
netic interactions through the coupling to charged particles. The photon appears to be 
in this respect as a point-like particle (Figure [I] (a)). However, a photon is subject to 
quantum fluctuations, as denoted in Figure [I]. It can fluctuate into a lepton/anti-lepton 
pair, lT, or a quark/ ant i- quark pair, qq (Figure (b) and (c)). If, e.g in 7p interac- 
tions, the fluctuation time is large compared to the interaction time, 7p interactions 
can proceed through the interaction of a qq pair and the proton, which gives rise to 
a hadronic type reaction This behavior has been incorporated in the vector domi- 
nance model (VDM) |2| which describes 7p interactions as the interaction of the proton 
and a vector meson resulting from a quantum fluctuation of the photon with the vec- 
tor meson state having the same quantum numbers as the photon, i.e. J PC = 1 . 
This dual nature of the photon, i.e. point- 
like and hadron-like, leads to a variety of 
phenomena which have been investigated 

in 7p and 77/V/Q scattering at several point-like VM (J PC = 1 ) 

experiments at HERA and LEP, respec- 

1 H tv, a 1 • 1 • 4-- a- Figure 1: Dual nature of the photon. 

tively |o|]. the underlying kinematics at to j r 

the e + e~ collider LEP is shown in Figure ^. The initial state consists of the incoming 

electron and positron, each of which - to lowest order in a em - emits a virtual photon. The 

square of the four momentum transfer or the virtuality of the mediated virtual photons is 

denoted by Q 2 = —q 2 = (k\ — k^ 2 , which will be later referred to as the probe virtuality, 



X 

5-H 



(a) (b) (c) 

\z\A/CirX/Y/\/ \/\/\y^^^\/\/\/ 



*Invited talk given at the Workshop on Photon Interactions and the Photon Structure, Lund, Sweden, 
September 10-13, 1998. 

1 Positrons are referred to as electrons in this review unless otherwise stated. 



and P 2 = —p 2 = (k 2 — k' 2 ) 2 which will be later referred to as the target virtuality. Q 2 
(P 2 ) can be reconstructed from the energy and angle of the respective detected (tagged) 



electron as follows: Q 2 = 2P beam E , tagil (l — cos0 t ag,i) (-P 2 



2-Ebeam-Etag,2(l 

^2 



COs6> tag ,2))- 



The invariant mass of the final state X is denoted by W = (q + p) . The Bjorken scaling 
variable x is defined as x = Q 2 / (Q 2 + P 2 + W 2 ) and the 'inelasticity' as y — (p- q)/(p- k). 
The inelasticity can be reconstructed from the energy and angle of the tagged electron as 

follows: y = 1 - P t ag,l/^bcam(cOS 2 t ag,l/ 2 )- 

Three event classes can be distinguished depending on whether the electron in the 
final state is tagged or not. If both final state electrons are not tagged, both virtu- 
alities Q 2 and P 2 - depending on the detector acceptance - are small, and the pho- 
tons can be considered as quasi-real, i.e. Q 2 ~ and P 2 ~ 0. This is the case 
of anti-tagged events which allows to investigate 77 scattering and thus photon in- 
teractions. If one of the scattered electrons, is detected (tagged), the process shown 
in Figure |2] can be considered as the scattering of an electron off a quasi-real pho- 
ton. In this case of scattering (single-tagged events) one is able to study the pho- 
ton structure similarly to the case of lepton-nucleon scattering (Q 2 ^> P 2 ). The case 
in which both final state electrons are tagged is referred to as double-tagged events. 



Unlike to ep and 7p scattering e.g. at 
HERA, the invariant mass W and there- 
fore x in e7 and 77 scattering at LEP can 
only be reconstructed from the final state 
X. In case of X being a hadronic final 
state, contrary to the case of lepton pairs 
such as pairs, the reconstruction of 

W suffers from particle losses due to a 
limited detector acceptance. This gives 
rise to the fact that the measured invari- 
ant mass Wyis is different from the invari- 
ant mass W. One therefore needs to un- 
fold the true result from the visible mea- 
surement. This requires a good Monte 
Carlo (MC) simulation of the underlying 
event structure. This will be discussed in 
more detail in section 2.2. Only double- 
tagged events permit a reconstruction of 
W independent of the hadronic final state 
through the reconstruction of both pho- 
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Figure 2: Kinematics of two-photon induced 
processes in e + e~ collisions: h\ (k x ) and k 2 
(k 2 ) are the four-momenta of the incoming 
(outgoing) electrons, q and p are the four- 
momenta of the mediated virtual photons. W 
is the invariant mass of the final state sys- 
tem X. 

ton virtualities Q 2 and P 2 from the tagged final state electrons. 

The OPAL experiment at LEP has performed a variety of measurements of single- 
tagged and anti-tagged events to gain a deeper insight into the structure of the photon and 
its interactions. The following review will provide a summary of various measurements of 
those two event classes. This includes in the case of single-tagged events the investigation 
of the photon structure through the extraction of the photon structure function for the 
case of hadronic final states and a final state which consists of a fi + n~ pair as well as 
the study of azimuthal correlations of fi + fi~ pairs. Anti-tagged events have been used to 
study the production of jets and hadrons in 77 scattering as well as for a measurement of 
the total hadronic 77 cross-section. Results from these measurements will be presented in 



detail in section 2 for single-tagged events and section 3 for anti-tagged events. Section 4 
provides a short summary and an outlook of further results on the structure of the photon 
and its interactions to be expected from the OPAL experiment at LEP. 



2 Electron-Photon scattering 
2.1 General considerations 

The starting point to study scattering and thus the structure of the photon in a similar 
way as ep scattering at LEP, is the process ee — > eeX. It can be viewed as deep-inelastic 
scattering of an electron on a quasi-real photon. This requires to transform the cross- 
section da ee ^ ee x into an cross-section, da ei ^ e x- 

d&ee^eeX = ^OVy^eX ' / 7 / e (1) 

The flux factor / 7 / e , which denotes the flux of the target photon off the incoming electron, 
takes into account the momentum spread of the target photon. This is in contrast to ep 
scattering where the energy of both incoming particles is known. The calculation of the 
flux factor / 7 / e is carried out using the equivalent photon approximation (EPA) 
Provided that the target photon is almost real, i.e. P 2 ~ 0, and thus almost solely 
transversally polarized, the cross-section can be reduced to two components only, <jtt 
and <Jlt- The first index denotes the polarization of the probing photon whereas the 
second index refers to the polarization of the target photon. The following relations are 
defined: 

Fl(x,Q 2 ) = ^--(aTT + nr) (2) 

are denoted as the photon structure functions. F~l = K7 — 2xF? is the longitudinal 
structure function. Using these relations, the following expression for the cross-section of 
deep-inelastic scattering is obtained: 



dV(e7 -> eX) 2na 2 



dxdQ 2 xQ 4 



y) 2 )F?(x,Q 2 )-y 2 F2(x,Q 2 ) (3) 



with a being the fine structure constant. For energies of the tagged electron larger than 
half the beam energy, which is used to reject beam-associated background events, y is 
much less than 1 and thus the contribution of y 2 F2 to d 2 a(e r y —>■ eX) / dxdQ 2 is small and 
can therefore be neglected. In this case, d 2 a{e r y — > eX) / dxdQ 2 is directly proportional to 
Fl 

The above expression for d 2 a(e , y — > eX) / dxdQ 2 is deduced for the case of transversally 
polarized target photons, i.e. only the two components a TT and <jlt are taken into 
account. In case of virtual target photons (P 2 ^ 0), i.e. in the case of double-tagged 
events, this simplification no longer holds and additional cross-section terms have to be 
taken into account. This will change in particular the contribution of F^ to d 2 a(e , y — > 
eX)/dxdQ 2 @,§. 

For a final state X which consists of lepton pairs (described by QED) the photon 
structure functions are referred to as -Pi^qed (leptonic structure functions), whereas for 



a hadronic final state X created by a qq pair (described by QCD), the photon structure 
functions are denoted as (hadronic structure functions). -F^qed is predicted by QED 
and a measurement of -F^qed serves as a test of QED. F2 however cannot be calculated in 
a similar way from first principles for all x and Q 2 . Several models have been developed 
based on perturbative QCD (pQCD) and a particular non-perturbative QCD ansatz. A 
measurement of F% thus allows to investigate QCD. 

Despite the similarity of the differential cross-sections for scattering and ep scat- 
tering, there are subtle differences in the behavior of the structure functions which will 
be briefly summarized in the following. 

As pointed out in the previous section, the photon shows in its interaction contri- 
butions from a point-like as well as a hadron-like behavior. The lowest-order point-like 
contribution, i.e. the purely electromagnetic process 7*7 — > qq, can already be pre- 
dicted in the Quark-Parton model (QPM) and allows therefore a prediction of the photon 
structure function. The hadronic contribution cannot be calculated from first principles 
similarly to the case of the proton. One relies on a non-perturbative QCD input such as 
an estimate within the framework of the vector dominance model (VDM). F^ is large for 
high values of x, whereas the proton structure function decreases at large x. Further- 
more, F2 increases with Q 2 at all values of x, which is expected already from the QPM, 
i.e. from the point-like contribution and thus without the presence of gluon radiation. 
This is in striking contrast to the Q 2 dependence of Ff. 

The description of the photon struc- 
ture functions in terms of parton distribu- 
tions and their Q 2 evolution based on the 
DGLAP equations can be developed in a 
similar way as for the proton. The point- 
like contribution due to the splitting pro- 
cess 7*7 — > qq can be incorporated as an 
additional splitting function besides the 
usual QCD splitting functions. This ad- 
ditional term results in the fact that the 
DGLAP equations are no longer homoge- 
neous. The solution of the inhomogeneous 
part is determined by the photon split- 
ting function due to the splitting process 
7*7 — y whereas the homogeneous so- 
lution obeys the hadron-like evolution of 
the DGLAP equations. 

In summary, the hadronic photon 




-ln(tan(e'/2)) 



structure function K7 is given as the sum of a point-like, F^'^ 1 , 
contribution: 



Figure 3: Hadronic energy flow per event 
(1/N) ■ dE/dr] as a function of pseudorapidity 
i] obtained from the HERWIG MC generator. 



F? 



the value of _F 2 y ' hacli 



and a hadron-like, F^' 1 * 3 ^*', 



(4) 



At large x and asymptotically large Q 2 , the value of F^ aaav - cari be calculated from pQCD. 
The NLO result obtained by Bardeen and Buras [|7| is given as follows: 



a 



a\x) 



+ b(x) 



(5) 



a s (Q 2 ) 

a(x) and b(x) are calculable functions which diverge for x — > 1. a s (Q 2 ) is the strong 
coupling constant. The first term reflects the LO result by Witten ||. The Q 2 evolution 



of F2' a r ' will eventually allow to extract the QCD scale Aqcd provided that the presence 
of non-perturbative contributions are under control. 

Various models have been developed in the past on the description of the photon 
structure function such as the model by Gliick, Reya and Vogt (GRV) @ and the model 
by Schuler and Sjostrand (SaS) [|K]]. Common to these descriptions is a non-perturbative 
ansatz for the hadronic contribution at a starting scale Q% and a subsequent DGLAP 
evolution, including a particular treatment of the charm contribution. They differ in the 
way this procedure is carried out. Section 2.3 will discuss in more detail these models by 
comparing them to experimental results on F2 . 



2.2 Hadronic energy flows 

The measurement of the hadronic structure function F^ requires the determination of the 
invariant mass W from the hadronic final state as pointed out in section 1. The need 
to unfold the invariant mass, W, from the measured result, W v i S , requires a modeling 
of the hadronic final state incorporated in a particular Monte Carlo (MC) generator. 
The measurement of F2 and the simulation of the hadronic final state are thus closely 
connected. 



Several investigations have been car- 
comparing vari- 



ried out by OPAL [11 



ous observables such as the hadronic en- 
ergy flow between data and MC to gain a 
deeper insight into the simulation of the 
hadronic final state. The two general pur- 
pose QCD based MC generators HER- 
WIG and PYTHIA @ have been 
used for these studies. In addition, the 



F2GEN generator [II] has been applied to 
study various aspects of the simulation of 
a qq final state in the 7*7 centre-of-mass 
system. The F2GEN 'point-like' mode 
represents the unphysically extreme case 
of a two-quark state in the 7*7 centre- 
of-mass system with an angular distribu- 
tion as in lepton pair production from 
two real photons. The F2GEN 'permiss' 
mode reflects a physics motivated mixture 
of point-like and peripheral interactions, 
where peripheral means that the trans- 
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Figure 4: Correlation between the observed 
hadronic invariant mass W v - ls and the gener- 
ated hadronic invariant mass W . 
verse momentum of outgoing quarks is given by an exponential distribution as if the 
photons interacted as pre-existing hadrons and direct photon-quark couplings never oc- 
curred. 

The hadronic system X is strongly boosted along the beam direction, accentuating 
the loss of particles within the well-measured region. Figure ^ shows the prediction of 
the HERWIG MC generator for the hadronic energy flow per event, (1/N) ■ dE/drj, as a 
function of the pseudorapidity 77 = — In tan(#/2). The tagged electron is not included in 
the energy flow. By definition, it lies in the negative rapidity region —3.5 < i] < —2.8. 
The generated energy flow is shown as the light shaded region. The dark shaded region 




Figure 5: Hadronic energy flow per event as a function of pseudorapidity r] for low Q 2 
(Q 2 = 13.0 GeV 2 ) and high Q 2 (Q 2 = 135 GeV 2 ) events. The data distributions have been 
corrected for detector effects. 



shows the energy flow after reconstruction by the OPAL detector including a simulation 
of the detector response. A significant fraction of the energy flow goes into the forward 
direction. Approximately 50% is deposited in the central region whereas 33% are deposited 
in the forward region. Only 8% of the total hadronic energy flow lies outside the detector 
acceptance. Figure f| shows the correlation between the generated hadronic invariant 
mass W and the observed hadronic invariant mass W v i S with and without sampling the 
hadronic energy using the OPAL forward detectors (FD). Including a measurement of 
the hadronic energy in the forward direction by sampling the hadronic energy using the 
OPAL forward detectors substantially improves the correlation between W and W v i S . The 
degree of correlation depends on the MC model. 

The comparison between data and MC distributions of the hadronic energy flow is 
shown in Figure |5] as a function of the pseudorapidity rj for two values of Q 2 of 13.0 GeV 2 
and 135 GeV 2 . The data distribution has been corrected for detector effects. Large 
differences are seen between data and all MC models both within the central region 
(| T] | < 2.3), where the energy is well measured and the forward region where the energy 
is only sampled. The discrepancy increases towards small value of Q 2 and thus towards 
small values of x. 

It is apparent from this section that 
unfolding the distribution W from the ob- 
served distribution W v - m will result in large 
systematic errors on the extracted pho- 
ton structure function as long as the 
hadronic energy flow between the differ- 
ent MC models and the hadronic energy 
flow in data remains in clear disagree- 
ment. This is expected to affect in par- 
ticular the low Q 2 and low x region. 

Better general purpose MC generators 
are required to provide a better descrip- 
tion of the hadronic energy flow in data 
and thus to reduce the large systematic uncertainties of the extracted photon structure 




function (Section 2.3) JT3J. These questions are being addressed in a LEP-wide working 
group with the aim of a common and consistent presentation of the hadronic energy flow 
in data. An improvement of general purpose MC generators based on such investigations 
is eagerly awaited. It is only then that an improvement in the systematic uncertainties 
due to the description of the hadronic final state in the extraction of F% can be expected. 



2.3 



Hadronic structure function Fn 
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The measurement of the hadronic struc- 
ture function Fl has been carried at 
OPAL function of x and Q over a 
wide kinematic range of 0.0025 < x < 1 
and 1.1 GeV 2 < Q 2 < 400 GeV 2 . Details 
on the analysis to extract F^ can be found 
in [pn] , [l6| . The Q 2 dependence is expected 
to be logarithmic within the framework 
of pQCD. The x dependence of the pro- 
ton structure function F% has been stud- 
ied in detail at HERA which shows a steep 
rise towards small values of x at not too 
low Q 2 values [17,18|]. If the photon were 
purely hadron-like, a similar rise of K7 is 
expected. A measurement of F% 9S 9.. func- 
tion of x and Q 2 therefore allows to shed 

10 " 10 " 1 10 * 10 * 1 10 * 10 " 1 

light on the structure and the underlying x 
dynamics of the photon as pointed out in 

section 2 1 Figure 7: OPAL results onF^ /at as a function 

Figure | shows OPAL results on F 2 7 as of x for several Q 2 values together with results 
a function x at low values of Q 2 . OPAL f rom other experiments. 

results on K7 together with other experimental results are shown in Figure [7|. The full 
error bars show the statistical and systematic errors added in quadrature. In Figure |], 
the statistical errors are displayed by horizontal lines across the respective errors bars. 
The precision of the measurement is dominated by systematic uncertainties due to the 
modeling of the hadronic final state as pointed out in detail in the previous section. As 
can be seen from Figure |6], the OPAL results at the two lowest Q 2 values agree within 
errors with the published results from PLUTO. However, the results both from PLUTO 
and OPAL are higher and different in shape than the previous measurement from TPC 
in a similar kinematic region. Taking into account the large uncertainties, F^ is found to 
be rather flat (Figure 0) although a small rise towards low x cannot be excluded. It can 
be seen from Figures ^ and [7] that F^ rises smoothly towards large x. This behavior is 
reasonably well described by the GRV and SaS models. It can be seen from Figure [| that 
the higher-order GRV prediction (GRV-HO) follows the data more closely compared to 
the leading-order GRV prediction (GRV-LO). 

The Q 2 dependence of is shown in Figure || for the currently available data for 
four active flavors. It should be noted that the quoted x ranges by different experiments 
are not the same which makes a comparison rather difficult since several predictions for 
different ranges in x show a large difference for Q 2 > 100 GeV 2 . All results on i 7 ^ as 
shown in Figure 13 agree reasonably well, taking into account the large uncertainties. A 



logarithmic rise of F2 is seen in the data as predicted by pQCD. However, the systematic 
uncertainties on are too large to perform a precision test of pQCD. Both, the GRV 
and SaS model allow to describe the data equally well. The observed logarithmic rise 
of F2 in Q 2 can be reasonably well represented by the pQCD leading order asymptotic 
solution. It is found that the hadronic contribution to F2 decreases towards larger x and 
Q 2 values, and amounts to only about 15% at Q 2 = 59 GeV 2 and 

All OPAL results on i 7 ^ have not been a 2 
corrected for the fact that in the single- i 

1 2.2: 

tagged mode, P is only approximately "6 
zero. Several theoretical predictions exit 
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on how F2 varies as a function of P 2 
It has been estimated based on the SaS 
model that F% with P 2 ^ would be ap- 
proximately 10% lower compared to the 
case of P 2 = 0. The P 2 distribution in the 
data and the correct theoretical prescrip- 
tion are not known. This is reason why 
no correction has been applied to the data 
on F2 . The larger centre-of-mass energy 
at LEP compared to former experiments 
at PETRA makes this effect to become 
more important. The investigation of the 
virtual structure of the photon through 
double-tag events and the measurement 
of 

-^qed (Section 2.4) will allow to gain 
some experimental knowledge in that respect. 

Improvements in the precision of F2 require considerable improvements of general 
purpose MC models to better describe the hadronic final state. It is only then that the 
study of the low x behavior of F% as well as as the Q 2 evolution could be carried out with 
higher precision. 



Q [GeV] 



Figure 8: OPAL results on F% /a as a function 
of Q 2 for different ranges in x together with 
results from other experiments 



2 A Leptonic structure function -F^qed 

The differential cross-section (3) with 
7*7 — > 1 + E allows to measure the leptonic 
structure function of the photon, F? 



- r 2,QED 



2,QED- 

has been car- 



A measurement of 
ried out at OPAL by reconstructing 
pairs in the final state |21|. Such a clean 
environment allows to unfold the invari- 
ant mass W from the observed invariant 
mass W V - 1S with higher precision compared 
to the case of a hadronic final state which 
yields a much more precise determination 
of the leptonic photon structure function 
compared to the hadronic case. 
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Figure 9: -F^qed/ as a function of x 



Figure M shows OPAL results On -T2,QED ^ ^ 

function of x together with other experi- 
ments. The full error bars show the statistical and systematic errors added in quadrature, 



whereas the statistical errors are displayed by horizontal lines across the respective errors 
bars. The precision of the data allow for a test of QED. The solid lines in Figure || show the 
results of a QED calculation. All measurements are consistent with QED expectations. 
The data are so precise that subtle effects such as the P 2 dependence can be investigated 
in more detail. 



2.5 Azimuthal correlations of lepton pairs 



It has been pointed out that azimuthal 
correlations in the final-state particles of 
two photon collisions, i.e. 7*7 — > X, are 
sensitive to additional structure functions 
|22fl . Azimuthal correlations can therefore 
supplement the direct measurement of the 
photon structure functions. 

OPAL has performed a measurement 
of azimuthal correlations in single-tagged 
events of 7*7 — > n + ji~ Two angles 




are defined which allow azimuthal correla- 
tions and thus more subtle structure func- 
tions to be studied. The azimuthal angle 
X is the angle between the planes defined 
by the 7*7 axis and the two-body final 

state and the 7*7 axis and the tagged elec- Fi § ure , 10: °™ L results on the ratws 

. rp, j 1 a* ■ a and (l/2)Fl/Fn as a function of x. 

tron. lhe second angle rj = costr is de- v ' ' w 1 1 J 

fined by the angle 9* as the angle between the \x~ and the 7*7 axis. 

With the assumption that the target photon is only transversely polarized, the cross- 
section for e7 — > e/i + /i~ differential in x, y and the two angles \ and 77 is given as follows: 



da(ej — > efi + fi ) lua 2 (1 + (1 — yY 



dxdydrjdx/^Ti 



Q 2 



xy 



2xFl + F 1 



n 



FJ cos x H cos 2x 



(6) 



The conventional structure functions can be recovered by integrating over x an d f]\ 
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+1 r2ir 
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-1 Jo 



(7) 



In leading order and for massless muons, the following identity holds, Fg = F2 although 
Fg and F£ are due to different helicity states of the photon. The structure function F^ 
results from interference terms between longitudinal and transverse photons whereas the 
structure function Fg refers to interference terms between solely transverse polarized pho- 
tons. Figure [10] shows published and preliminary results on the x dependence of the ratios 
fim and {l/2)Fl/Fq where f A = (l/2)(/+ - fj) with /+ = (1/2tt) J +1 drj C d X Fj 
and f A = (l/2n) j\dr) J 27r dxF\. The solid line is the result of a QED prediction. The 
observed variation in x of the data is consistent with QED. Both ratios are significantly 
different from zero. These results not only serve as an interesting approach to supplement 
the conventional structure function measurements in itself, they also mark the first step 
to perform such a measurement in the much more complex environment of a hadronic 
final state. 



3 Photon-Photon scattering 



3.1 Introduction 

Anti-tagged events in e + e~ scattering at LEP allow to study collisions of two quasi- 
real photons, i.e. 77 — > X with Q 2 ~ and P 2 ~ as introduced in section 1. The 
median Q 2 (P 2 ) amounts to approximately 10~ 4 GeV 2 for Q 2 < 4 GeV 2 . The e + e~ collider 
LEP is in this respect a 77 collider with a centre-of-mass energy of the 77 system of 
10 < W, n < 110 GeV. 

The interaction of two photons can be classified to be either a direct process where 
two bare photons interact, a single- resolved process where a bare photon interacts with 
a parton of the other photon or a double-resolved process where partons of both photons 
interact together. The last two processes are due to the possibility of a photon to interact 
as a hadronic fluctuation. This classification is only uniquely defined in LO QCD, but 
not in NLO QCD. 

In LO QCD, the experimental signature, neglecting multiple parton interactions, con- 
sists of two hard parton jets with large transverse energy E^ (direct events). In single- 
or double-resolved interactions, the two hard parton jets are expected to be accompanied 
by one or two remnant jets. 

The cone jet finding algorithm has been applied throughout the following studies unless 
otherwise specified. 



The above three event classes can be 
separated using the fraction of the pho- 
ton's momentum which participates in the 
hard interaction. It can be specified using 
the following relations |22[ : 
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p z is the momentum component along the 
z axis and E is the energy of the re- 
spective energy depositions of the jets or 
hadrons. These variables provide some 
separation of direct and resolved two-jet 
events [^4| 

The underlying processes for 77 scat- 
tering have been calculated in LO |25| 
and NLO perturbative QCD (pQCD) ]2§. 
In the case of direct events, the only 
LO contributing matrix element is 77 — > 
qq whereas for double-resolved events, 
quark-gluon, gluon-quark and gluon-gluon type matrix elements have to be taken into 
account. The observed jet events are thus related to the underlying dynamics which al- 
lows to examine the structure the photon and the dynamics of the 77 processes. The 
measured inclusive two-jet cross-section as well as the angular distribution of the parton 
scattering angle in the two-jet centre-of-mass frame have been compared to NLO pQCD 
calculations. These two items together with a study of jet shapes in two-jet events and 
an investigation of the influence of an underlying event in two-jet events will be presented 



Figure 11: Jet shape ip(r = 0.5) as a function 
of (a) and \if et \ (b). tp(r) as a function 
of r for x^z < 0.8 (c) and x^z > 0.8 (d). 



in the next section. The production of charged hadrons and Xc2 mesons will be discussed 
in section 3.3. The measurement of the total hadronic 77 cross-section will be focused on 
in detail in section 3.4. 



3.2 Jet production 
3.2.1 Jet shapes 

The internal structure of jets produced in 
two-jet events has been studied based on 
the following jet shape definition: 

E T (r) 



i/j(r) 
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jet jet -C/T 



En 
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(9) 



ip(r) denotes the fraction of the jet's en- 
ergy that lies inside an inner cone of ra- 
dius r, thus ip(r — R) — 1. E T {r) is the 
transverse energy within the inner cone of 
radius r and N- ]et refers to the total num- 
ber of jets in the sample. 

Figure [11] shows the fraction of the 
transverse energy of the jets inside a cone 
of radius r = 0.5 around the jet axis (a) as 
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a function of E T = (l/2)(E^ +E% ) and Figure 12: Angular distribution da/ d\ cos 9* \ 
(b) as a function of \rf ct \ = | (l/2)(r/J ctl + as f unctwn f | cos Q*\ f or x ± > .8 and x± < 



0.8 in comparison to NLO pQCD calculations. 



if et2 )\ with E^ tl and rf etl defined in the 
lab frame. The jet shapes have been cor- 
rected to the hadron level. The data points are compared to PYTHIA with and without 
multiple interactions and to PYTHIA with and without initial (ISR) and final state (FSR) 
QCD radiation along with a prediction from PHOJET |P7|| . Jets without initial and final 
state QCD radiation are significantly narrower. Multiple interactions as simulated within 
PYTHIA have only a minor effect on the jet shape. As expected, the jets become narrower 
with increasing Et- No significant dependence of ip(r = 0.5) on l^ 6 *! has been found. 

The gluon and quark content in direct and double- resolved events is expected to be 
different from the above discussion in section 3.1. Samples of large fractions of direct and 
double-resolved events have been selected by requiring to be larger or less than 0.8, 



respectively. The jet shape ip(r) is shown in Figure |TT| as a function of r for xt- < 0.8 (c) 



and x^ > 0.8 (d). The observed jet shapes are found to be broader for the double-resolved 
event sample (x^ < 0.8) than those for direct events (x^ > 0.8). Gluon jets are known 
to be broader than quark jets which is consistent with the difference in the jet shapes of 
direct and double-resolved events due to the expected difference in the gluon and quark 
composition. 

The PYTHIA and PHOJET jet shape prediction are found to be in good agreement 
with the data. 



3.2.2 Angular distributions in direct and resolved events 

The angular distribution for direct and double- resolved events in the two-jet centre-of- 
mass frame is expected to be different due to the different gluon and quark composition 



and thus the different contributing matrix elements. The angle cos#* between the jet 
axis and the axis of the incoming partons or direct photons in the two-jet centre-of-mass 
frame can be estimated as follows: 



cos 0* = tanh 
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(10) 



In LO, the direct process 77 — > qq leads to an angular dependence of the form oc 1/(1 — 
whereas for double-resolved events which involves gluon initiated matrix elements, 



cos 



0* 



the angular dependence can be approximated as oc 1/(1 

Figure shows the angular distribu- 
tion da/d\ cos#*| as a function of | cos#*| 
for samples with a large fraction of di- 
(x^ > 0.8) and double-resolved 
< 0.8) events. The data are com- 
pared to NLO pQCD calculations for the 
cross-section da/d\cos8*\ and the con- 
tributing single cross-sections. Events 
> 0.8 show only a small rise 
cos#*| whereas events 
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with x^ < 0.8 show a much larger rise as a 
function of | cos 8* \ . This behavior follows 
the QCD expectation taking into account 
the expected difference in the gluon and 
quark composition of direct and double- 
resolved events. The result of the NLO 
pQCD calculations agrees well with the observed shape of the data. 



Figure 13: The inclusive two-jet cross-section 
function of for \rf et \ < 2 in compar- 



as a 



ison to NLO pQCD calculations. 



3.2.3 Inclusive two-jet cross-section and NLO calculations 

Figure [14] shows the inclusive two-jet cross-section as a function of £y for \r]i et \ < 2 at 



y/s e + e - = 161 — 172 GeV. The measurements are compared to NLO pQCD calculations 



by Kleinwort and Kramer |28j which are using the GRV parton parameterizations of the 
photon. The predictions for the direct, single- and double-resolved contributions as well 
as their sum are shown separately. The data points are in good agreement with NLO 
pQCD calculations except for the first bin. However, experimental as well as theoretical 
uncertainties are large in this kinematic region. The direct component dominates the 
cross-section at high E^, whereas the resolved cross-section is the largest component for 
Ep < 8 GeV. 



3.2.4 Influence of the underlying event 

The possibility for an underlying event in the 77 scattering process is not taken into 
account in the NLO pQCD calculations. However, an underlying event leads to an in- 
creased jet cross-section. Resolved photons such as in double-resolved events involve 
multiple partons which are subject to multiple interactions. The effect of the simulation 
of the underlying event is therefore important. The MC models PYTHIA and PHOJET 
use the concept of multiple interactions in the simulation of the underlying event. The 
contribution of multiple interactions has to be tuned using quantities which are not di- 
rectly correlated to the jets. Only then effects due to parton distributions and due to the 



underlying event can be disentangled. The model dependence for the simulation of the 
underlying event through multiple interactions can be tuned using the transverse cutoff 
parameter pf 11 for multiple interactions. 



The investigation of an underlying 
event in the 77 scattering process starts 
from the observation that the transverse 
energy flow outside the jets measured as a 
function of x 7 is correlated to the under- 
lying event [2S|. At small x 7 , the trans- 
verse energy flow outside the jets increases 
which can be used to tune the number 
of multiple interactions. The transverse 
energy flow corrected to the hadron level 
outside the jets, excluding the region of 
R < 1.3 in the energy sum, is shown in 
Figure [TJ] as a function of x 7 in compari- 
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Figure 14: Transverse energy flow outside the 
jets in the central rapidity region \r)*\ < 1 as 
a function of x 1 . 



son to different MC model predictions us- 
ing different values for fif 1 . The impact 
of multiple interactions has been found to be large for PYTHIA and PHOJET using the 
LAC1 parameterization. Their impact is small when using either GRV or SaS-lD. The 
optimal transverse cutoff parameter pf 11 shows a strong dependence on the underlying 
parton distributions in case of PYTHIA. Using GRV, p™ 1 has been set to 2.0 GeV, SaS- 
lD requires a value for p™ 1 of 1.4 GeV whereas for LAC1, p™ has been set to 2.5 GeV. In 
case of PHOJET the default cutoff parameter p™ 1 of 2.5 GeV provides for GRV as well as 
for SaS-lD a reasonable description of the transverse energy flow. 



3.2.5 Inclusive two-jet cross-section as a function of \rf et \ 



Having tuned the simulation of the un- 
derlying event through multiple interac- 
tions using the transverse cutoff param- 
eter p 1 ^ 1 , the sensitivity of the jet cross- 
section on the underlying parton distri- 
bution can be investigated. The inclusive 



two-jet cross-section is shown in Figure 15 



as a function of |^ et | for > 5 GeV 

and E^ t2 > 3 GeV with (left) large sam- 
ples of double-resolved events (x 7 < 0.8) 
and (right) large samples of direct events 
(x^ > 0.8). A large dependence on the 
underlying parton distribution is found 
for double-resolved events compared to 
direct events. The impact of the gluon 
distribution is expected to be larger for 
double-resolved events compared to direct 
which increases the cross-section for gluon 
mation of the two-jet cross-section. 
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Figure 15: Inclusive two-jet cross-section as a 
function of\rf et \ for (left) < 0.8 and (right) 
x± > 0.8. 

events. LAC1 compared to GRV and SaS-lD, 
-initiated processes, leads to a strong overesti- 



3.3 Hadron production 



3.3.1 Production of charged hadrons 



The contribution of direct photon pro- 
cesses in photon induced interactions 
is expected to lead to a harder trans- 
verse momentum distribution of charged 
hadrons for 77 scattering than for 7p or 
hadron-p scattering. The px distribution 
for 77 scattering as obtained by OPAL 
3(1 with 10 < W < 30 GeV is shown in 
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Figure [16] together with data on 7p, 7rp 
and Kp data from WA69 with a hadronic 
invariant mass of 16 GeV. The WA69 data 
are normalized to the 77 data at px ~ 
200 MeV. ZEUS data on charged particle 
production in 7p scattering with a diffrac- 
tively dissociated photon, having an av- 
erage invariant mass of the '7-Pomeron' 
system of 10 GeV, are shown as well. 

It can be clearly inferred from Figure [16] that 77 interactions show a significantly 
harder px distribution than 7p and hadron-p interactions. The measured px distribution 
has been compared to NLO pQCD calculations which have been found to be in good 
agreement with the data. The direct interactions yield the largest contribution at high 
px compared to single- and double-resolved interactions. 
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Figure 16: px distribution 0/77, 7p, 7rp and 
Kp scattering. 



3.3.2 Production of Xc2 mesons 

OPAL has carried out an analysis recon- 
structing Xc2 mesons in the decay chan- 
nel Xc2 -»• J/ip 7 -» 1+1 ~7 (1 = e,/i) 
which resulted in a measurement of the 
two-photon width T(x C 2 — ► 77) 
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OPAL 

Vs = 91 and 183 GeV 



data sample consists of all data taken at 
e + e~ centre-of-mass energies of 91 GeV 
and 183 GeV corresponding to integrated 
luminosities of 167 pb -1 and 55 pb -1 , re- 
spectively. Figure [L7| shows the mass 
difference between the II7 and 11 invari- 
ant masses, Mu 7 — M\\. 34 events have 
been selected in the Xc2 signal region of 
330 < Mn 7 - M u < 550 MeV including a 
background of 12.4 ±3.3 events. The con- 
tribution from Xco and Xa is estimated 
not to exceed a few percent. The two- 
photon width has been determined to be T(xc2 77) = 1-76 ± 0.47 ± 0.37 ± 0.15 keV. 
The first error denotes the statistical and the second the systematic error. The third error 
reflects the uncertainty of the branching ratios in the decay Xc2 J/^> 7 — > 1 + 1~7- This 
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Figure 17: Mass difference between the U7 and 
11 invariant masses, Mn 7 — M\\. 



result agrees with results from CLEO, TPC/27 and R704, but is about two standard 
deviations larger than the E760 result and the current world average [^|. Furthermore 



the determined two-photon width is found to be two standard deviations larger than the 
prediction by Schuler fl33|. 
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Figure 18: Total cross-section for 77 — > hadrons, ct 77; as a function of W = y's 77 
from OPAL in comparison to L3 results and theoretical predictions (left). Comparison of 
preliminary OPAL results on ct 77 with L3 results obtained with PYTHIA and PHOJET 
(right) W~4 



3.4 Total cross-sections 



hadrons, cx 77 , at large centre-of-mass energies W 



The total cross-section for 77 
is expected to be dominated by interactions of hadronic fluctuations of the colliding pho- 
tons. A measurement of ct 77 should therefore improve our understanding of the hadronic 
nature of the photon and in particular clarify the question whether the W dependence 
of <7 77 exhibits the same behavior as total hadronic cross-sections. This could lead to an 
answer of the question if there is an universal behavior of total cross-sections in 77, 7p 
and pp/pp scattering. 

Pre-Lep data are restricted to rather low energies in W, which is too low to observe the 
expected rise of total hadronic cross-sections due to Pomeron exchange in the language of 
Regge phenomenology. A measurement at LEP taking into account the large centre-of- 
mass energy compared to previous experiments at PETRA allow to study the behavior 
of cr 77 at higher energies. 

The extraction of the total cross-section, a 77 , relies heavily on a particular Monte 
Carlo (MC) program to be used for the unfolding. It is therefore expected that systematic 
uncertainties on the extracted total cross-sections are dominated by the simulation of the 
hadronic final state. 

Figure [18| (left) shows the preliminary OPAL results on the total cross-section, 



(T 77 , as a function of W 



/s 77 in the range of 10 < W < 110 GeV in comparison to L3 
results |3?3] for 5 < W < 145 GeV. Various curves from theoretical predictions are overlaid. 
The preliminary OPAL cross-section results are quoted by taking the average of the cross- 
section results obtained with the MC models PHOJET and PYTHIA. The difference 
between theses results has been included in the systematic error evaluation. However, L3 
has used PHOJET to determine the central values. No model dependence is reflected in 



their quoted systematic errors. The unfolded L3 results using PHOJET and PYTHIA 
together with their average values are shown in Figure [18] (right). Comparing theses 
cross-section values with the preliminary results obtained by OPAL and thus providing a 
consistent bases for a detailed comparison, no significant discrepancy between both results 
is found. 

Relating the total cross-section, a 77 , to the total cross-sections for 7p, pp and pp 
scattering, results in the prediction shown as the solid line in Figure (left). It describes 
the general trend of function of W. It has been argued by many authors to 

expect a faster rise of the total cross-section for 77 scattering compared to 7p scattering 
and hadron-hadron scattering due to the possibility of two photons interacting directly. 
In a Regge-type fit to the data, L3 determined a Pomeron intercept of otp = 1.158 ± 
0.006 (stat) ± 0.028 (sys) which is larger than the Pomeron intercept of ajp = 1.100 ± 
0.002 (stat) ± 0.012 (sys) obtained from a recent ZEUS analysis of total 7p cross-section 
results based on an extrapolation of total 7*p cross-section data |I7 |. The soft Pomeron 
intercept by Donnachie and Landshoff ]37| of ajp = 1.0808 is smaller than those obtained 
from total-cross section results involving at least one photon in the scattering process. 



4 Summary and Outlook 

OPAL has performed a wide range of measurements of e7 and 77 scattering in e + e~ 
collisions at LEP. 

The hadronic photon structure function F% has been measured for 0.0025 < x < 1 
and 1.1 < Q 2 < 400 GeV 2 . The current systematic uncertainties on F2 are dominated by 
the model dependence in the simulation of the hadronic final state. Only considerable im- 
provements of general purpose Monte Carlo (MC) models to better describe the hadronic 
final state will allow to study the low x behavior of F2 as well as the Q 2 evolution with 
higher precision. Data on the leptonic structure function -F^qed are precise enough to 
test QED and to be sensitive to more subtle effects such as the P 2 dependence. 

It has been shown that the measured inclusive two-jet cross-sections in 77 scattering 
can be well understood within the framework of NLO perturbative QCD (pQCD). Two- 
jet cross-section measurements provide a useful means to constrain the gluon density in 
the photon. The total cross-section results of the process 77 — ► hadrons from OPAL and 
L3 were shown to be consistent. It has been found that the total 77 cross-section rises 
faster with W than in 7p scattering and even faster than in pp or pp scattering. 

The main concern for future measurements of i 7 ^ and <r 77 is to reduce the large sys- 
tematic uncertainties due to the simulation of the hadronic final state. Improvements of 



general purpose MC models are eagerly awaited |15|]. With the larger centre-of-mass en- 
ergy ^/s e + e - at LEP2 and the higher statistics it will be possible to extend the kinematic 
range towards larger values in Q 2 and W 2 . Finally, the study of double-tagged events to 
investigate the virtual structure of the photon will be one of the main analysis topics for 
the future. 

An exciting time is ahead of us until 2000 investigating the structure of the photon 
and its interactions at LEP 20. 

2 At the time of writing this report, the OPAL experiment at LEP has recorded more than 175 pb -1 
of data during the '98 run at a centre-of-mass energy of 189 GeV. 
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